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Constitutive modeling of human liver based on in vivo
measurements
Abstract
In vivo aspiration experiments on human livers are analyzed and material parameters for a
non-linear-viscoelastic constitutive model are determined. A novel procedure is applied for the inverse
analysis that accounts for the initial tissue deformation in the experiment and for the non-homogeneity
of liver tissue. A numerical model is used consisting of a surface layer (capsule) and an underlying
non-linear-viscoelastic solid (parenchyma). The capsule is modeled as hyperelastic membrane using
data from measurements on bovine and human tissue. In a two step optimization procedure the set of
constitutive model parameters for the "average" response of liver parenchyma is obtained. The proposed
model is in line with literature values of high strain rate elastic modulus obtained from dynamic
elastography. The model can be used to predict the nonlinear, time dependent behavior of human liver in
computer simulations related to surgery training and planning.
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Abstract. In vivo aspiration experiments on human livers are analyzed and 
material parameters for a non-linear-viscoelastic constitutive model are 
determined. A novel procedure is applied for the inverse analysis that accounts 
for the initial tissue deformation in the experiment and for the non-homogeneity 
of liver tissue. A numerical model is used consisting of a surface layer (capsule) 
and an underlying non-linear-viscoelastic solid (parenchyma). The capsule is 
modeled as hyperelastic membrane using data from measurements on bovine 
and human tissue. In a two step optimization procedure the set of constitutive 
model parameters for the “average” response of liver parenchyma is obtained. 
The proposed model is in line with literature values of high strain rate elastic 
modulus obtained from dynamic elastography. The model can be used to 
predict the non linear, time dependent behavior of human liver in computer 
simulations related to surgery training and planning. 
Keywords: Liver, mechanical behavior, in vivo, constitutive model, aspiration 
experiment, inverse analysis. 
1   Introduction 
Computer simulation of minimally invasive hepatic surgery and computer based 
systems for surgical training and planning require mathematical models of liver’s 
mechanical behavior, in order to provide realistic haptic feedback and to predict organ 
deformation, [1, 2]. Evaluation of tissue’s mechanical response might also lead to an 
improvement of diagnostic procedures. As an example, liver palpation represents a 
standard screening procedure for the identification of hepatic diseases. Intra-operative 
ultrasonography is combined with palpation to detect liver tumors, [3]. Elastography 
provides data on differences in stiffness between tissues of internal organs in order to 
identify lesions or diseases that do not possess echogenic properties. Recent studies 
have applied dynamic magnetic resonance elastography for the detection of liver 
fibrosis [4,5 ], confirming the diagnostic potential of mechanical parameters. 
Knowledge of the mechanical behavior of human liver might also contribute to the 
improvement of techniques for radiation therapy. 4D CT or MRI is used for 
evaluation of organ displacement due to respiratory motion, [6], and a-priori 
knowledge on the mechanical behavior of the liver could improve the predictive 
capabilities of the algorithms used for tumor localization. 
For all the above mentioned clinical applications constitutive models are required 
that describe the non linear elastic, time and loading history dependent response of 
soft tissue. Formulations of these models and determination of the constitutive model 
parameters require corresponding experiments. The measurements must be 
characterized by well defined kinematic and kinetic boundary conditions, so to allow 
the inverse problem to be solved. Data from ex vivo experiments (see, e.g., [7-9]) are 
sometimes inappropriate for mechanical modeling since the properties of a living 
organ can change after removal from its natural milieu with e.g. an intact blood 
perfusion. This motivates the development of experimental techniques for in vivo 
mechanical testing of soft biological tissues. Results of several tests on animal livers 
were reported. In [10] a motorized endoscopic grasper is used for in vivo experiments 
on porcine liver. [11] and [12] present indentation tests on animal organs in vivo. The 
influence of liver perfusion on its mechanical behavior has been demonstrated by 
Kerdok et al, [13]. Carter et al. [14] performed intraperative in vivo experiments on 
human liver. They used an indentation device and reported a value of approximately 
270 kPa for the linear elastic modulus of human liver. In contrast, dynamic 
elastography experiments on human liver, [4, 5], indicate that the linear elastic 
modulus of healthy human liver is in the range of 6 kPa. 
 In vivo mechanical experiments on human liver were recently performed during 
open surgery using the so called “aspiration device”, [15, 16]. In [15] mechanical 
characterization was combined with histological evaluation of liver tissue biopsies 
obtained from the resected liver at the site of mechanical testing. This procedure 
enabled a quantitative analysis of the correlation between mechanical response and 
tissue microstructure of normal and diseased liver. Constitutive models for human 
liver were derived in [16] based on data from 23 measurements on 6 healthy organs.  
Two main factors affect the liver model presented in [16] and lead to a significant 
discrepancy with respect to the data reported in [4, 5]: (i) the liver was modeled as a 
homogeneous deformable solid, without consideration of the mechanical resistance of 
Glisson’s capsule (the connective tissue layer that covers the organ); (ii) the initial 
deformation of the liver tissue (due to the compressive force required to ensure a good 
initial contact between aspiration device and liver) was not considered for the inverse 
problem solution. In the present paper we solve the inverse problem for the in vivo 
experiments from [16] applying a novel modeling approach that accounts for the 
initial tissue deformation and for the macroscopic non-homogeneity of the liver. A 
two step optimization algorithm and a non linear FE model consisting of a covering 
membrane (capsule) and the underlying non linear viscoelastic solid (parenchyma) are 
used for this purpose. The constitutive model parameters obtained in this way for liver 
parenchyma are in good agreement with the data from [4, 5 ].  
2   Experiments 
2.1   Aspiration device and measurement procedure 
A brief description of the aspiration device is given here. Further information on the 
device, on the design of each component, on the image analysis procedure, on the 
control algorithms, and on the sterilization process are reported in [17]. The working 
principle of the device is illustrated in Fig. 1 and is based upon the pipette aspiration 
technique. The device consists of a tube in which the internal pressure can be 
controlled according to a desired profile. The tube is closed on one extremity by a 
disc containing the circular opening for tissue aspiration. The experiment is 
performed by (i) gently pushing the tube against the tissue to ensure a tight initial 
contact, and (ii) creating a (time variable) vacuum inside the tube so that the tissue is 
sucked through the aspiration hole (with a diameter of 10 mm). An optical fiber, 
which is connected to an external source of light, provides the illumination in the 
inner part of the tube. The images of the side-view are reflected by a mirror and are 
captured by a digital camera. The grabbed images are analyzed off-line in order to 
extract the profiles of the deformed tissue. The duration of the loading and unloading 
cycle is about 15 seconds and the magnitude of the vacuum is selected in order to 
avoid tissue damage due to excessive deformation. Time histories of measured 
pressure and tissue profile (Fig. 2) constitute the input data used to determine the 
mechanical properties of the tissue. 
 
 
Fig. 1 A: Sketch of the aspiration device and camera view. B: Example of an image grabbed by 
the digital camera on a liver tissue with the highest point of the profile (P) indicated. C: in vivo 
experiment on human liver. 
Experiments were conducted during open abdominal surgical interventions. 
Patients undergoing abdominal surgery (for other reasons than a liver pathology) were 
asked on the day before surgery and gave their informed consent. Tests were 
performed at the very beginning of the surgical procedure, i.e. just after the opening 
of the abdomen with the liver in situ and vascularized, and before any other surgical 
step. The surgeon placed the tip of the device on the liver surface trying to keep a 
constant and gentle contact force between the device and the tissue in the course of 
the measurement. Further information on the test protocol is reported in [16]. 
2.2   Measurement results 
Tissue deformation upon application of the negative pressure cycle is represented 
through the displacement history of the highest point of the profile (point P, Fig. 1). 
Data for all measurements on six healthy livers can be found in [16]. Fig. 2 shows the 
measured pressure and average displacement history. The average curve is calculated 
over all measurements on the six organs. The average initial displacement is 
approximately 1.3 mm and is due to the compressive force exerted when pushing the 
tube against the tissue.  
 
 
Fig. 2. Left: Applied negative pressure history. Right: Average displacement history of point P.  
3   Data analysis and discussion 
Due to non-linearity in geometry and material response and to the complex 
geometry of the experiment, a numerical calculation is required for determining the 
constitutive model parameters from the experimental data. The experiment is 
simulated by an axisymmetric finite element (FE) model as described in [17]. The 
material parameters are determined iteratively from the comparison of calculated and 
measured displacement of the point P. The program Abaqus 6.6 has been used for the 
inverse FE analysis.  
The time dependent non linear elastic behavior of liver tissue is modeled here with 
the quasilinear viscoelastic (QLV) model, [18]. This model comprises hyperelastic 
equations and a viscoelastic dissipative component. The reduced polynomial form is 
used here for the strain energy potential U:  
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Cn0 are material parameters, the principal stretch ratios λi are the eigenvalues of the 
deformation gradient tensor and J=λ1λ2λ3 is its determinant. For the bulk modulus a 
constant value of K0=107N/m2 is used (quasi-incompressible behavior). The time 
dependence of the mechanical response is described by assuming time dependent 
coefficients Cn0 in U through the relaxation function g(t):  
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where gk and tk characterize the relaxation behavior. For liver parenchyma (n=1,2) 
a total number of 6 parameters have to be determined from the experiments. 
Numerical values for these parameters were given in [16] and are reported in Table 
1. These values were obtained through an inverse procedure in which (i) the initial 
deformation of the liver was neglected, and (ii) the liver was modeled as consisting of 
a homogeneous material (no differentiation of capsule and parenchyma). The present 
analysis improves as compared to [16] in these two important points.  
In order to consider the influence of Glisson’s capsule, a 2 material model is used 
for the calculations: a layer of elements (thickness: 40 μm) with constitutive equations 
representative of the mechanical behavior of the capsule are defined at the upper 
surface of the axisymmetric FE model (Fig. 3). Model parameters for the capsule are 
reported in Table 1. These parameters were determined using data from equibiaxial 
tests on bovine liver capsule, corrected based on the comparison of the uniaxial 
response of bovine and human capsules (see [19, 21, 22]).  
The inverse procedure thus delivers the constitutive model parameters for liver 
parenchyma. Fig. 3 illustrates the novel procedure applied to account for the initial 
deformation of the liver as resulting from the compressive force exerted by the 
surgeon. Note that the compressive force is not known, but the initial deformation is 
measured in each experiment. The inverse procedure consists of 2 steps: (i) a 
preliminary “indentation” step (simulating the initial tissue compression) followed by 
(ii) the aspiration phase. The material parameter set is used in (i) and the indentation 
depth “d” is iteratively adjusted to obtain the measured initial displacement z0 of the 
point P (first optimization loop); the aspiration phase in then simulated and the 
discrepancy between measured and calculated displacement history of P evaluated. 
Based on these results, the new parameter set is defined for the next iteration (second 
optimization loop). The Nelder-Mead Simplex Search Method (implemented in 
Matlab 7, function fminsearch, [20]) is used for the optimization procedure.   
The “best fit” parameter set is obtained from this procedure as well as the value of 
the applied compressive force. The influence of FE mesh density, friction coefficient 
between aspiration device and liver, and far field boundary conditions has been 
studied in [21], with calculations and experiments. It was shown that the latter can 
affect the material parameters identification to some extent, and this influence 
increases with larger compressive force applied initially on the liver (indentation 
step). The material parameters corresponding to the measured average liver response 
are reported in Table 1. Using this constitutive equations and material constants, the 
correspondence of measured and calculated displacement histories of point P is 
excellent, as shown in Fig. 4. The calculated initial compressive force is 11.5 N, note 
that the weight of the instrument corresponds to a force of approximately 15 N. 
 
Fig. 3. Inverse procedure for identification of material parameters of liver parenchyma. The FE 
model is shown and the kinetic and kinematic boundary conditions are indicated.  
Table 1.  Material parameters for the QLV model  
 C10(t=0, kPa) C20(t=0, kPa) C30(t=0, Pa) g1 t1 (sec.) g2 t2 (sec.) 
Liver, [16] 9.8 26.3 - 0.51 0.58 0.15 6.89 
Capsule 122.2 168.2 0.05 0 - 0 - 
Parenchyma 1.0 6.5 - 0.46 0.55 0.27 2.66 
 
Fig. 4 illustrates the behavior obtained for uniaxial stress loading conditions using 
the constitutive model parameters reported in Table 1. The curves for the so called 
“instantaneous” response are shown for liver parenchyma as obtained from the 
procedure proposed in this paper, and compared with the corresponding curves for the 
liver model from [16]. As expected, the new model predicts a much more compliant 
behavior. The corresponding instantaneous small strain modulus of parenchyma is 
approximately 6 kPa. This value coincides with the elastic modulus obtained for liver 
parenchyma in [4,5] using dynamic elastography. This correspondence supports the 
validity of the proposed model and the novel inverse procedure for analysis of the 
aspiration experiments. The modulus value of liver parenchyma from this work, [4] 
and [5] are 2 orders of magnitude lower as compared to the human liver modulus 
reported in [14]. This difference is attributed to an oversimplified mechanical analysis 
of the indentation tests in [14]. 
 
 
 
 
Fig. 4. Left: instantaneous uniaxial response for liver parenchyma (continuous line) and for 
homogeneous liver model (dotted line, from [16]). Right: comparison of measured (dotted line) 
and “best-fit” FE calculation (continuous line, corresponding to the parameters indicated in 
Table1).   
4   Conclusions 
 
Intraoperative mechanical measurements on human livers were analyzed in this 
paper. A novel procedure has been presented for the inverse analysis of the aspiration 
experiment. Consideration of the initial compressive force and differentiation between 
Glisson’s capsule and parenchyma in the FE calculations led to a new set of material 
parameters for constitutive modeling of human liver. The proposed model is in line 
with observations from dynamic elastography. The model equations can be used for 
predicting the non linear, time dependent response of human liver in computer 
simulations related to clinical applications, such as hepatic surgery training and 
planning or tumor localization in radiation treatment. 
The following problems related to the aspiration experiments and the inverse 
analysis proposed in this paper require further investigations in future work: (i) the 
mechanical model of human Glisson’s capsule is based on few uniaxial measurements 
on human tissue, (ii) the calculated deformation history in the aspiration experiment 
depends strongly on the capsule behavior and to much less extent on the model 
parameters of parenchyma, (iii) the far field boundary conditions influence to some 
degree the tissue response to the initial compression, (iv) this compressive force 
varies during the aspiration phase (due to respiratory motion). Future analysis will 
also consider biphasic models to describe the flow of fluids within the parenchyma 
during mechanical loading, which might invalidate the assumption of 
incompressibility. 
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